Abstract: Based on a single-frequency Raman fiber amplifier (RFA) operating at 1120 nm pumped by different laser oscillators at 1070 nm, the role of a temporal property of pump laser in a single-frequency RFA is investigated in detail. The pump lasers with different temporal properties are achieved by varying the bandwidth of the low reflectivity grating that consist of the laser cavity. The experimental results show that a copumped single-frequency RFA could provide a well platform to reflect the intensity stability of the pump laser, and the optical-to-optical conversion efficiency of the RFA varies with the intensity stability of the pump laser. On the other side, the optical-to-optical conversion efficiency of the counterpumped RFA is independent of the intensity stability of the pump laser. Nevertheless, the intensity stability of the signal laser would be affected by the intensity stability of the pump laser. The experimental results are theoretically analyzed by using our spectral evolution model. Theoretical results are consistent well with the experimental ones, which also reveal that low-noise RFA could be achieved by using intensity stable pumping.
Introduction
Raman fiber lasers (RFLs) have been developed rapidly in the past decades benefited from their power scalability and wavelength agility compared with rare-earth-doped fiber lasers [1] . The output power of Raman fiber amplifiers (RFAs) has reached kilowatt level [2] - [4] , and most of the high power RFAs have broadband linewidth. However, in application fields such as nonlinear frequency conversion, single-frequency or narrow linewidth are strongly required [5] - [8] . For example, RFAs operating at 1.12 μm-1.18 μm could be transferred to yellow light through second-harmonic generation, which have many applications in medicine and astronomy [5] , [6] . Especially, the lasers operating at 1178 nm could be transferred to 589 nm, which are widely used in sodium laser guide star adaptive optics [7] , [8] . In 2012, C. Vergien et al. reported a single-stage single-frequency RFA operating at 1178 nm with the output power of 18 W [9] . The same year, L. Zhang et al. scaled the output power to 44 W at 1178 nm with an optical efficiency of 52% based on a two-stage single-frequency RFA [10] . For the time being, spectral linewidth broadening and stimulated Brillouin scattering (SBS) suppression had become serious issues in the single-frequency RFAs. On one hand, Raman gain is relatively low compared with rare-earth gain, so RFAs usually have a long effective fiber length, which will cause third-order optical nonlinearity and make the spectral linewidth broadening. Experimental results have shown that the counter-pumped manner could avoid linewidth broadening in single frequency RFAs [5] , [9] . On the other hand, the SBS effect will restrict the increase of output power [11] . Several effective methods have been validated to suppress the SBS effect, including broadening the seed laser linewidth, which is unwanted [12] , [13] , and broadening the SBS gain spectrum. The ways to broaden the SBS gain spectrum mainly include acoustically tailored fiber [14] , [15] , thermal gradients along the gain fiber [16] , and longitudinally strain gradients along the gain fiber [10] , [17] . Previous experimental results have shown that the spectral broadening characteristics by different pumping manners were quite different in RFAs [5] , [9] . In previous publications, the temporal noise transfer properties with different pump manners had been investigated by using pump to signal relative intensity noise (RIN) transfer models [18] , [19] . Further, the discrepancy of temporal and spectral evolution characteristics in co-pumped and counter-pumped manners were theoretically explained based on the gain dynamics in RFAs by our group quite recently [20] . However, the generating mechanism and evolutionary mechanism of output lasing pumped with different temporal characteristics in RFAs are still unknown. The study of this issue may provide some instructive suggestions to achieve high power single frequency RFA with ultra-low noise.
In this manuscript, we take the 1120 nm single-frequency RFA as an example, the role of temporal property of pump laser in single-frequency RFA is investigated experimentally. Based on our spectral evolution model, the experimental results are theoretically analyzed, which is consistent well with the theoretical ones. Fig. 1 shows the diagram of experimental setup. A commercial single-frequency distributed feedback diode laser operating at 1120 nm with an output power of 27 mW is used as the seed source. After an optical isolator (ISO1), the seed laser is coupled into an Yb-doped fiber amplifier (Pre-YDFA). The Pre-YDFA is pumped by a laser diode (LD) with maximum output power of 480 mW at the central wavelength of 974 nm through a wavelength division multiplex wavelength combiner (WDM1). The active fiber in the Pre-YDFA is a standard non-polarization-maintained single mode fiber with a core diameter of 6 μm and a cladding diameter of 125 μm. The absorption coefficient of the active fiber is about 250 dB/m at 976 nm pumping wavelength and 7 m long active fiber is used in this stage. In the Pre-YDFA, the signal power is boosted to about 40 mW after ISO2. After the Pre-YDFA, the laser is incorporated into a piece of passive fiber, in which the length of the fiber is 80 m. This passive fiber is a standard non-polarization-maintained single mode fiber with a core diameter of 6 μm and a cladding diameter of 125 μm, whose core attenuation at 1060 nm is less than 0.015 dB/m. After ISO2, a single mode standard coupler (SMC) is inserted into the system to split 1% of the backward signal for detecting. The pump sources are three homemade multilongitudinal mode fiber oscillators emitting at 1070 nm. Each fiber oscillator is formed by a pair of fiber Bragg gratings (FBGs) and a piece of Yb-doped double-clad active fiber (YDF). The core and inner cladding diameters of the active fiber are 10 μm and 125 μm, respectively. The cladding absorption coefficient of the active fiber is about of 3.8 dB/m at 976 nm pump wavelength and 6 m long active fiber is used in each fiber oscillator. The central wavelengths of all the FBGs are about 1070 nm with 99% reflectivity for high reflectivity (HR) FBG and 10% reflectivity for output coupling (OC) FBG. The major discrepancy among the three fiber oscillators is that the bandwidths of the three OC FBGs are different from each other. The 3 dB bandwidth of the HR FBG in each fiber oscillator is about 2 nm, and the bandwidths of the OC FBGs are about 0.96 nm (OC1), 0.26 nm (OC2) and 0.15 nm (OC3), respectively. Co-pumped or counter-pumped manner could be realized by alternatively applying the WDM2 or WDM3, respectively.
Experimental Setup

Experimental Results
Output Properties of the Pump Lasers
Before illustrating the output properties of the RFAs, the measured properties of the pump lasers are provided. Fig. 2 (a) and (b) illustrate the power scaling properties and the corresponding output spectra at the maximum output power for the three fiber oscillators. As shown in Fig. 2(a) , the output powers increase linearly with the pump power for the three cases. The output powers are scaled to be 51, 49 and 53 W at the pump power of 60 W, so optical to optical efficiency of the fiber oscillators are 85%, 82% and 88%, respectively. As shown in Fig. 2(b) , the output spectral shape is symmetric when the 3 dB bandwidth of OC FBG is 0.15 nm, while the output spectral shapes for the other two cases are irregular. The irregular spectral shapes are mainly induced by the mismatch between the central wavelength of the HR and OC FBGs and the irregular reflective spectra of FBGs. For more concisely, we use spectral spanning range at 10 dB position to describe the bandwidths of the generated lasers from different oscillators. The 10 dB spectral bandwidths are about 0.87 nm, 0.35 nm and 0.26 nm for OC1, OC2, and OC3, respectively.
Apart from the spectral property, the temporal properties of the three fiber oscillators are quite different from each other. Fig. 3(a) shows the normalized intensity for the three oscillators in a time window of 100 μs with a time resolution of 1 ns when the output powers are all close to 50 W. There exist significant random spikes in the output powers for the three cases. Along with the decrease of the bandwidth of the OC FBG, the intensity fluctuations in the fiber oscillators become stronger. Besides, the normalized standard deviations (NSDs) of the output are ∼3%, 3.4% and 5.1%, respectively. As shown in Fig. 3(b) , the major characteristic peaks are at about 13 MHz, which corresponds to a pulse period of about 77 ns. This is quite close to the one round-trip time (∼75 ns in the experiment), thus this major pulse element is the self-mode locking (SML) pulsing. Due to the instability of the SML pulsing in the fiber oscillator, there inevitably exists higher harmonic in the power spectra. The peaks of ∼26 MHz and ∼39 MHz correspond to the second and third harmonic of the SML pulse. It should be mentioned that the variation of the strength in intensity fluctuations are also maintained in shorter observation time scale. Indeed, those rare and intense pulses are intrinsic properties in the multi-longitude mode fiber oscillator. Notably that accurate description and measurement of the pulses are quite difficult due to its randomness and short-life properties [21] .
Output Properties of the RFAs in Copumped Manner
For the RFAs based on different pump manners, firstly we investigate on the output properties of the RFAs in co-pumped manner. Fig. 4 illustrates the output signal power at different pump powers. As shown in Fig. 4 , the power scaling properties for the three RFAs are different from each other. The output power of the RFA pumped by the oscillator with OC3 (strongest intensity fluctuations) increases remarkably faster than the other two cases when the pump power is increased to be ∼30 W. When the pump power is increased to be ∼40 W, the output power of the RFA pumped by the oscillator with OC2 increases a little than that pumped by the oscillator with OC1. When the pump power reaches 50 W, the output powers of RFAs pumped by YDFLs with OC3, OC2 and OC1 are 8.2 W, 1.9 W and 1.4 W, respectively. Accordingly, the optical to optical efficiencies are 16.4%, 3.8% and 2.8%, respectively. Fig. 5 (a) and (b) illustrate the corresponding output spectra of different oscillator-pumped RFAs at a pump power of 50 W. In order to demonstrate the spectral broadening process, the spectral Fig. 5 . The output spectra of the co-pumped RFAs: (a) the spectra at maximal output power and the injected signal; (b) the spectra in detail. distribution of the injected signal to the RFA is also depicted in Fig. 5(a) and (b) . It is to be noted that the injected signal to the RFA is a single frequency laser at central wavelength of 1120 nm. As shown in Fig. 5(a) , no ASE or second order Stokes light is appeared in the RFAs, and the pump light at 1070 nm are almost filtered by the WDM. As shown in Fig. 5(b) , the spectral linewidths of the RFAs broadened obviously compared with the injected signal. The 3 dB bandwidths of RFAs pumped by YDFLs with OC3, OC2 and OC1 are 0.312 nm, 0.2 nm and 0.154 nm, respectively and the 10 dB bandwidths are 0.776 nm, 0.508 nm and 0.392 nm, respectively. Thus, the singlefrequency characteristic could not be maintained in a co-pumped RFA. The phenomenon of spectral broadening by co-pumped manner is mainly caused by the strong temporal fluctuations transferred from the pump [20] . Although the single-frequency operation could not be maintained, it provides a well platform to reflect the intensity stability of the pump lasers through the optical to optical conversion efficiencies of the RFAs.
Output Properties of the RFAs in Counter-Pumped Manner
In this section, we investigate on the output properties of the RFAs in counter-pumped manner. Fig. 6 (a) and (b) illustrate the output signal power and backward power ratio of different RFAs in counter-pumped manner. The backward power ratio is defined as the ratio of backward power and output signal. As shown in Fig. 6(a) , the shapes of the power curves of the three RFAs are similar to each other. When the pump power reaches 50 W power-level, the output power of RFAs pumped by YDFLs with OC3, OC2 and OC1 are 0.78 W, 0.74 W and 0.66 W, respectively, which implies that the optical to optical conversion efficiencies of the RFAs would not be affected by the intensity stability of the pump lasers. As shown in Fig. 6(b) , the backward power ratio becomes nonlinearly when the pump power increased to be higher than ∼40 W. With ∼50 W-level pump power, the backward power ratios are just measured to be 0.35%, 0.31% and 0.27%, respectively. Further power scaling will be limited by SBS effect. Fig. 7 (a) and (b) illustrate the output spectra of different oscillator-pumped RFAs at a pump power of ∼50 W-level. No ASE or second order Stokes light is appeared in the RFAs, and the pump light at 1070 nm is almost filtered by the WDM. Since the accuracy of optical spectral analyzer (OSA) is limited (0.02 nm), the spectral bandwidth of the RFA could not be measured accurately by just using the OSA. In order to verify the single-frequency operation state, the Fabry Perot interferometer (FPI) over a free spectral range of 4 GHz and resolution limit of about ∼8 MHz is used. As for OC1 constructed oscillator pumping, when the pump power reaches ∼50 W power-level, the singlefrequency over one free spectral range is shown in Fig. 7(b) , which indicates that the RFA operates in single longitudinal mode. The RFAs pumped by OC2 and OC3 constructed oscillators are also operating in strict single-frequency state.
Although the output powers and the spectra of the three RFAs are close to each other, the output temporal evolutions are different. Fig. 8(a) and (b) illustrate the normalized intensity for the three oscillators in a time window of 100 μs with a time resolution of 1 ns when the pump powers are all close to 50 W and the corresponding power spectra. To avoid the influence of the residual light at 1070 nm on the measurement of the temporal characteristics of the signal light, a dichroic mirror is employed to further filter the residual pump light at 1070 nm before injecting into the photoelectric detector (PD). As shown in Fig. 8(a) , along with the decrease of the bandwidth of the OC FBG, the intensity fluctuations in the RFAs become stronger. The NSDs of intensity fluctuations of the signal light at 1120 nm are calculated to be ∼2.29%, 2.99% and 4.42% for the three cases, respectively, which indicates that ultra-low noise RFA could be achieved by pumping with quite stable fiber lasers based on counter-pumped manner. As shown in Fig. 8(b) , the characteristic frequencies in the power spectra are different from each other, thus it is difficult to compare the stability of the output lasers through the RIN.
Theoretical Analysis
To verify the experimental results, we conduct the numerical investigations of the single-frequency RFAs based on different pump manners. The theoretical framework of spectral and temporal properties of a single-frequency RFA could be described through the bidirectional coupled amplitude equations [11] :
where, + and -denote for the co-pump and counter-pump cases, A is the envelope of the optical field; index p and s stand for pump wave and Raman stokes wave, respectively. v is the group velocity, β 2 is the second order dispersion coefficient, α is the loss coefficient, γ is the nonlinear Kerr coefficient, δ R is the Raman-induced index change. f R represents the fractional contribution of the delayed Raman response to nonlinear polarization, and g is the Raman gain coefficient. Although the spectral and temporal properties of multi-longitudinal mode fiber oscillators can be calculated through combined simulation of the rate equations and nonlinear Schrödinger equations [21] , the time windows are limited to several tens of nanosecond in the simulations. In addition, it is difficult to quantify the temporal fluctuations through the spectral models. For simple and quantitative analysis, we construct the intensity of the pump sources based on the standard normal distribution:
where, f satisfies the standard normal distribution, σ is the parameter which determines the strength of the temporal fluctuations. Besides, we assume that the temporal phase obeys the uniform probability distribution from -π to π. Fig. 9 illustrates the simulated temporal property of the pump sources, when σ is set to be 0, 1.5 and 2, respectively. We may notice that the strength of the intensity fluctuations decreases along with the increase of σ.
Based on the constructed pump sources, we simulate the temporal properties of the RFAs in different pump manners. Fig. 10(a) and (b) illustrate the power curves of the RFAs in different pump manners. As shown in Fig. 10(a) , the power scaling properties of the RFAs are different from each other in co-pumped manner. When there exist stronger intensity fluctuations in the pump source, the output power of the RFA also increases faster, which is consistent with experimental results. Thus, the co-pumped configuration provides an indirect measurement of the strength of the intensity fluctuations of the pump source. As shown in Fig. 10(b) , the power scaling properties of the RFAs based on counter-pumped manner keep nearly unchanged for the three cases. Thus, the intensity fluctuations in the pump source would not impact the power scaling property of single-frequency RFA in counter-pumped manner.
The results could be explained by the different gain dynamics of the RFAs based on different pump manners [18] . In co-pumped manner, the temporal fluctuations of pump lasers at high Fourier frequency could be transferred into the RFA completely, which would introduce higher effective gain coefficient of Raman amplification when pump sources with stronger intensity fluctuations are applied. Therefore, the output powers of the RFAs in co-pumped manner would increase quite differently in the experiments. In counter-pumped manner, the pump fluctuations at high Fourier frequency would be filtered. Thus, the effective gain coefficients of the Raman amplification are nearly the same, and the output powers in counter-pumped manner nearly keep unchanged in the experiments. Meanwhile, the effective gain coefficient of the Raman amplification would always be higher in the co-pumped manner than that in counter-pumped manner.
We also simulate the temporal properties of the RFAs based on counter-pumped manner. Fig. 11(a) and (b) illustrate the output intensity properties of the RFAs based on counter-pumped manner. As shown in Fig. 11(a) , along with the increase of the intensity fluctuations in the pump sources, the intensity fluctuations in the RFAs also become stronger at the pump power of ∼50 W. As shown in Fig. 11(b) , the NSDs of the output lasers all increase along with the power scaling process for the three cases. At the same pump power, the stronger intensity fluctuations in the pump source always lead to higher NSD. The results are also consistent with our experimental results.
Although the pump fluctuations at high Fourier frequency would be filtered, the pump fluctuations at low Fourier frequency could be transferred into the signal light, which still has a great influence on the intensity noise characteristics of the output laser. Accordingly, applying the pump sources with relative stable temporal properties would be beneficial to reduce the intensity noise in singlefrequency RFA.
Conclusion
In conclusion, as an example of 1120 nm RFA, the role of temporal property of pump laser in single-frequency RFA is investigated experimentally and theoretically. With co-pumped manner, experimental and theoretical results show that the optical conversion efficiency of the RFA could be remarkably increased along with the decrease of temporal stability degree of pump source. With counter-pumped manner, the temporal stability degree of pump source has little influence on the conversion efficiency of the RFA while has a great impact on the temporal stability of the signal laser. Overall, the experimental and theoretical results reflect that co-pumped RFA could provide a feasible platform to test the temporal instability of pump laser and ultra-low noise single frequency RFA could be achieved by using temporal-stable counter-pumping.
